Abstract. The physics of hypervelocity impacts into foams is of interest because of the possible application to interplanetary dust particle (IDP) capture by spacecraft. We present a model for the phenomena occurring in such impacts into low-density organic polymer foams. Particles smaller than foam cells behave as if the foam is a series of solid slabs and are fragmented and, at higher velocities, thermally altered. Particles much larger than the foam cells behave as if the foam were a continuum, allowing the use of a continuum mechanics model to describe the effects of drag and ablation. Fragmentation is expected to be a major process, especially for aggregates of small grains. Calculations based on these arguments accurately predict experimental data and, for hypothetical IDPs, indicate that recovery of organic materials will be low for encounter velocities greater than 5 km s -• . For an organic particle 100/am in diameter, --•35% of the original mass would be collected in an impact at 5 km s -• dropping to ---10% at 10 km s -• and ---0% at 15 km s -• . For the same velocities the recovery ratios for troilite (FeS) are ---95%, 65%, and 50%, and for olivine (Mg2SiO4) they are ---98%, 80%, and 65%, demonstrating that inorganic materials are much more easily collected. The density of the collector material has only a second-order effect, changing the recovered mass by < 10% of the original mass.
Introduction
A spacecraft encountering an interplanetary dust particle (IDP) at a relative velocity of several kilometers per second may be used to capture that particle for in situ analysis or for analysis upon Earth return. In this paper we study the impact of a dust particle into a low-density medium (i.e., a foam) such that the foam dissipates the kinetic energy of impact over a sufficient distance to stop the particle without destroying it.
Previous Studies
Previous theoretical work has not been undertaken to understand the physics of hypervelocity impact into very low density solid media. However, a large number of experimental data have been collected [Werle et al., 1981; Tsou et al., 1984 Tsou et al., , 1986 Peng et al., 1988] (P. Tsou et al., personal communication, 1993) . Most of these data are for aluminum projectiles, which, while not completely accurate representations of interplanetary dust particles, allow models to be tested and provide a basis for extrapolation to the regime of relevance to IDP sampling missions. A number of commercially available materials have been tested, with the result that polystyrene foams and silica aerogels have the best properties for this application [Tsou et al., 1986 [Tsou et al., , 1989 Barrett et al., 1992] .
Theoretical Treatment
The present model examines the phenomenon of hypervelocity impact into organic polymer foams. We will specifiCopyright 1994 by the American Geophysical Union.
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0148-0227/94/93 JE-03147505.00 cally consider polystyrene because of the extensive body of experimental data that exists for this material. However, the model should be generally applicable to any organic polymer, provided the correct matehal properties are used.
There are three regimes into which a particle-collector combination may be placed, based on the relationship between the IDP diameter, d e , and the characteristic microstructural lengths scales of the foam. If dw is the thickness of a cell wall in the foam and doe is the diameter of a cell, the three regions may be approximately defined as follows: (1) dp • dw, (2) dw < dp • df, and (3) dp > df. Particles in regimes 1 and 2 will behave as if the cell walls were solid blocks of the matehal from which the foam is made. Particles in regime 3 will see the foam as a continuum.
We consider regimes 1 and 2 only briefly. The processes affecting particles in these regimes are those associated with the shock wave generated upon impact into a cell wall, followed by adiabatic release to zero pressure. Since particles in regimes 1 and 2 see the impact as occurring into the solid material rather than into a low-density foam, they are shocked to much higher pressures than their counterparts in regime 3. For impact into polystyrene, this amounts to a pressure increase by a factor of as much as 20 for commercially available foam bulk densities. Figure 1 shows shock pressure as a function of impact velocity for impact into solid polystyrene by particles of troilite, olivine (forsterite: Mg2SiO4), and organic matter (here modeled by polystyrene). The cross on each curve represents the condition required to produce partial melting in the impacting particle upon release to zero pressure, which might be considered the threshold for unacceptable thermal alteration in such cases. For organic materials, 2 km s -1 is an upper limit for collection of very small unaltered grains. As we would Particles in regime 3 behave quite differently from those in regimes 1 and 2. Because they see the foam as a very low density continuum, the processes can be described by fluid mechanics. In some respects, the present treatment is similar to the physics of meteors [e.g., Opik, 1958] . However, there are important differences, which will be noted as they occur in our discussion. The particle will be preceded by a bow shock wave (Figure 2) , behind which is a flow of shocked foam around the particle. A viscous boundary layer exists at the surface of the particle. At some point the flow will separate, isolating the surface of the particle from the shocked material. The primary processes are drag, ablation, and fragmentation.
Drag
In order to develop a model for deceleration of the dust particle, it is best to begin by considering the shock wave which precedes the particle. The change in conditions across a steady, normal, planar shock wave is constrained by the 
where Us and up are the shock wave velocity and postshock particle velocity, respectively (both in the rest frame of the unshocked material), p is the mass density, P is pressure, V is specific volume, E is specific internal energy, and the subscripts zero and H refer to the unshocked and shocked (Hugoniot) states, respectively. Often, U s is written as a polynomial function of Up, which we take to second order for the present study:
• 2 U s= C o+sup+s up Table 1 gives the resulting values of Co, s, and s' for polystyrene foams with the initial densities used in this study. Generally, the bulk sound speed of a material defines the lower limit on the velocity of a steady shock wave. A wave traveling at the bulk sound speed C b of the solid polymer must travel around the cells rather than directly across them. For dust particle velocities u > Coe, decelerating forces arise from two sources: the pressure difference across the particle and the viscous stresses set up in the boundary layer. Let us begin by considering the pressure effects. The "ambient" pressure P u of the shocked foam is, taking P0 = 0 in (2) and setting Us equal to the velocity u of the dust particle (required for the shock wave to remain steady), ' P H = P oUUe (8)
Using (4), we can get u e as a function of u, so that P• can be written solely as a function of u. In addition, to this ambient shock pressure, the forward facing surface of the dust particle experiences a dynamic pressure Po, which for a surface element whose normal makes an angle 0 with the velocity vector of the dust particle is
By definition, the pressure exerted on the particle by the foam must vanish where the flow separates. The pressure gradient which gives rise to this phenomenon exists because of the requirement to accelerate the shocked foam, which comes to rest against the surface of the dust particle, around the pa•icle. We will assume that separation occurs at 0 = •r/2. Since there is already a gradient built into P o, we satisfy the requirement that the surface pressure P• associated with PH decrease to zero at 0 = •r/2 by approximating
To get the component of pressure acting parallel to the velocity vector of the dust particle, we must further multiply P• and P o by cos 0. Thus, taking P = 0 at 0 > z-/2, the total pressure force acting to decelerate the dust particle is given by the surface integral:
F=f (PHCOS2 0+Po cos 0) ds (11) The viscous shear stress rs in the boundary layer is given by where •/is the absolute viscosity and k is the shear strain rate, which we take to be
where 8 is the characteristic thickness of the boundary layer. In meteor phenomena, viscous forces are usually neglected except at very low velocities, but we cannot make that simplification here. There are a number of models which may be used to estimate •/. Since, as we shall see later, the shocked foam may be expected to act in much the same way as a molten polymer because of kinetic constraints on the rate of decomposition, we use a model which is relevant to such a material, namely, that of Bueche [1962] , who finds for high shear rates,
where M is the average molecular weight of a polymer chain and n • 1/2. Although increasing T causes M to decrease because of bonds being broken, the extent to which this happens on the timescales required for the present problem is low, so that the dependence of M on T is weak relative to the system at equilibrium. For the present study, we take the quantity M/T constant, thus making •/independent of both M and T. We take 
where 80 is an empirical scaling factor. Unlike P, rs acts parallel to the surface, so the stress acting directly to decelerate the particle goes as rs sin 0. Additional energy is dissipated, moving this viscous fluid laterally, so that the actual total force is simply rsA, where A is the frontal surface area of the particle. We must account for the spherical geometry of the system in our model by multiplying by (1 + 8/r)2, where r is the radius of curvature of the surface. Thus the viscous force acting to decelerate the particle is where the reference value S tr for a reference density Pr is determined from data. This strength is expected to operate over some finite radius of deformation r a, which should be close to the cell size of the foam, so that the particle has an effective cross-sectional area, Aeft, s , which is given by Aeft, s = 7r(dp + 2rcl)2/4 (21)
One important note is in order. When the dust particle itself is small compared to r a, then r a should decrease rapidly with decreasing particle diameter. This is very important for the extrapolation of laboratory data to the proper size regimes for interplanetary dust particles. In the present model, we assume the limiting case of ra = 0 when d e < ra. 
where r r is the photon mean free path, e is the emissivity (assumed to be frequency independent), and rr is the StefanBoltzmann constant.
Calculation of Tf
Equations ( Since the high pressure properties of the decomposition products of polystyrene are not well known, we will assume that the volume difference between polystyrene and its decomposition products at high pressures is negligible. We will also assume that the energy difference E n -E 0 in (3) is all thermal, consisting of heat required for increasing the temperature and the energy taken up by endothermic chemical reactions.
We begin by calculating the equilibrium state of the system by minimizing the Gibbs free energy G: We approximate the constant volume heat capacity C v, which is nearly independent of T above the Debye temperature, by the ambient value of the constant pressure heat capacity C p0. Equations (31) and (32) may be used with the ambient values of So, C p0, and the Gibbs free energy of formation, A Gfo (Table 2) 
Cpo
where AEeq is the equilibrium value of AE.
Fragmentation
A particle may fragment by one or both of two mechanisms during impact with and passage through the foam. First, the initial shock experienced upon impact with the foam may produce stresses which exceed the dynamic crushing strength of the particle. Second, the nonhydrostatic stresses due to the differential pressure across the particle may cause the particle to ul•dergo tensile fracture.
Although a quantitative treatment of fragmentation is beyond the scope of this study, several qualitative observations can be stated. The static compressive strengths of single crystals of many minerals fall into the range from 0.1 to 3 GPa. This is also the same range as the pressures achieved for impacts at several kilometers per second into Since fragmentation is strictly a mechanical process, the identities of phases and chemical compounds are not compromised. The primary effect of fragmentation is to break a single large particle down into smaller particles, with consequent implications for ablation and deceleration that can be determined from the foregoing discussions. From a practical standpoint, other than smaller particles generally being more rapidly ablated and difficult to analyze in the laboratory, dispersing a dust particle also destroys information on the spatial relationships of phases within the particle.
Model Results
We now present results of calculations using our model in comparison with existing experimental data and to make specific predictions concerning interplanetary dust collection. We assume for our calculations that size regime 3 is appropriate. There is thus a practical limit to the application of this model to particles, which is driven by the microstructural length scales of the foam. Since we expect size regimes 1 and 2 to be less favorable for particle capture, we assume that efforts would be concentrated toward taking size regime 3 down to the smallest particles possible.
In the calculations using the foregoing model, we have made several important assumptions. First, we assume that the impacting dust particle is spherical and that its spatial orientation is constant, so that the same side is always in contact with the shocked foam. Second, while the mass loss terms in the model are integrated over the surface of the particle, in reality the value of $ varies over the surface, reaching a minimum at 0 = 0, so that more mass is lost at low values of 0 than at high values. Thus we assume that the rate of mass loss varies linearly from a maximum at 0 = 0 to zero at 0 = •r/2. This results in the ablating surface always being a portion of a sphere, but with increasing radius of curvature as mass is lost, until 50% of the mass is lost, at which time r = •, i.e., the front surface is planar. We assume that, once this occurs, the front surface remains planar.
We have also included the effects of the transient shock wave that is generated upon the initial impact with the foam. The primary effect of this shock wave is to slow the particle slightly.
Comparison With Experimental Data
Several equations in the model contain empirical constants. Specifically, these are % in ( 
The intermediate value of T a is best explained by requiring
the viscosity of the liquid to drop to a certain threshold value before the flow of shocked foam around the particle can strip the melted material away from the surface.
Calculation for Interplanetary Dust
For hypothetical dust particles, we consider four different materials' iron metal, troilite (FeS), olivine (Mg2SiO4), and organic material, which we assume has the properties of polystyrene. Table 4 gives the properties of these materials.
It should be noted that T a for all of these materials is the vaporization temperature, with Hef t being the corresponding enthalpy difference from 298 K. The reason that we use the vaporization temperature is that the absolute viscosities of the liquid phases of these materials never drop to the value for aluminum at 1200 K, so we assume that, even though the materials have melted, they cannot be stripped away by the flow of shocked foam around the particle. The value of Hef t for organic material is the depolymerization enthalpy of polystyrene, with an extra term for a limited amount for further decomposition. It should be considered as very uncertain. We choose not to perform calculations specifically for hydrous silicates, although such phases are common in IDPs. Hydrous phases can be expected to alter (by dehydration) at temperatures well below the ablation temperature, so a particle that is not completely ablated may still be substantially altered. If the alteration can be detected and the original phase determined, then such alteration might be acceptable for some applications. In such cases, the important question is the amount of ablation, rather than alteration. The alteration has the effect of changing Hef t slightly, but T a remains the same. Thus hydrous phases can be considered to be similar to anhydrous equivalents from the standpoint of ablation. We have considered only single solid grains, rather than aggregates of smaller grains. As we have already noted, dust particles which are aggregates of smaller grains will probably fragment into those smaller grains upon impact. Each fragment, which we can take to be a (more or less) solid single phase, will then act as a dust particle in its own right, with little "memory" of its previous life as part of a larger particle. For this reason, we are most interested in the survival of single crystal grains, rather than aggregates. The one comment we can make about the ablation of an aggregate of grains bound together by a matrix is that ablation for the aggregate as a whole is controlled by destruction of the matrix, so that the value of Hef t is that for the matrix, reduced by the factor of the proportion of matrix in the aggregate. T a is simply that of the matrix material. Figure 5 shows the effects of particle composition on the survival of particles during impacts, with organic particles being significantly ablated for impact velocities in excess of ' __1 ' I ' I ' la -
• Aluminum -a dp = 3.175 mm e dp = 1.588 mm of most organic material for study. This conclusion is for a collector made of polystyrene, although it is probably true for most materials, as the energy densities imparted by a shock wave of a given velocity to very distended materials is only weakly dependent on the composition of the material. Figure 7 shows the result of varying the density of the foam. While foam density has an effect on the survival of an impacting particle, this effect is not significant, being less than a factor of 2 for an order of magnitude change in foam density. This is because of the similarity between different Hugoniot curves for different densities and the density scaling of the viscous dissipation in the boundary layer.
Discussion
The limit of 4-5 km s -• for useful recovery of organic materials is reasonable, as is a limit of 8-15 km s -• for metals, sulfides, and silicates. Recovery of these materials from organic polymer foams would in principle be straightforward, but cosmogenic organic materials may be difficult to distinguish from the final decomposition products of such foams. Inorganic collector materials might be necessary for this application. It should also be remembered that the properties of the materials which actually exist in interplanetary dust may vary widely. He•, for instance, may vary by a factor of several, depending on the materials involved.
The emphasis of the present study has been on organic foams, and polystyrene in particular, although other organic foams should not give radically different results. However, Impact Velocity (103m/s) Figure 6 . Results for troilite, olivine, and organic particles of different diameters impacting 28.5 kg/m 3 polystyrene. inorganic materials, most notably SiO2 aerogels, are also under consideration as possible collection media. Although the physical processes at work in an impact are the same regardless of the material involved, the properties of inorganic materials are different enough from those of organic materials that the relative importance of various phenomena may be very different, perhaps invalidating some of the assumptions made in the present study. In the case of SiO2, for example, viscosity is so great in the shocked foam that viscous dissipation may be the dominant source of drag. High viscosity could also be expected to have a significant effect on the thickness of the viscous boundary layer. In fact, this "layer" might be considerably thicker than the particle diameter. This suggestion is supported by the observations of Barrett et al. [1992] . They note that particles with dp 105-120 tam (nonspherical) which have impacted SiO2 aerogels at hypervelocity are encased in molten aerogel when they come to rest.
While we have not attempted to quantify the effects of the ratio of the dust particle diameter dp to the foam cell diameter dr, we do expect this ratio to have an effect on the survival of a particle during impact, especially as df approaches dp. The work of Griffiths et al. [1991] shows that decreasing de/dr from 6 to 3 significantly decreases the recovery of aluminum spheres impacting polystyrene foams. Also, methods need to be developed to minimize and account for contamination of spacecraft instruments by decomposition products from the foams.
Experiments should be continued with polystyrene foams, with projectiles of various compositions and structures, and with very small (dp -< 100 tam) particles. Experiments should also be conducted with a variety of other collector materials, both to evaluate the materials and to develop techniques for the recovery of the dust particles from the foams on return to Earth.
